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RESEARCH MEMORANDUM

FLIGHT INVESTIGATION OF A SUPERSONIC CANARD
MISSILE EQUIPPED WITH AN AUXTLTARY DAMPING-IN-PITCH
CONTROL SYSTEM

By Martin T. Moul
SUMMARY

A 60° delta-wing canard missile equipped wlth a rate-damping system
to dampen longitudinal oscillstions has been flight-tested through a Mach
number range of 0.70 to 1.85 with a static margin at supersonic speeds
of approximately 50 percent of the mean aerodynamic chord. Experimental
transient responses to step deflections of the canard surfaces are pre-
gented to illustrate the auxiliary damping in pitch provided by the rate
system. A comparison is made of experimentel transient responses and
theoretical transient responses computed from the linearized equations of
motion by application of operational-calculus methods and servomechanism
theory. OSome missile aerodynemic characteristics are presented as fupc-
tions of Mach number.

The rate-gyro—servo system, acting through wing-tip controls to pro-
vide auxiliary demping in pitch, was effective in damping the transient
responses and caused the oscillations to be almost completely damped at

the end of l% cycles. The comparison between measured and computed

responses showed that the theoretical method provides an accurate means
of predicting missile response if experimental stability derivatives and
rate-system characteristics are used. The experimental date indicated
that the addition of tip controls to the canard missile caused & varying
lift-curve slope during the oscillatory response, reduced the pitching
effectiveness at_ transonic speeds, but had no appreciable effect on trim
drag.

INTRODUCTION

Investigations of the performance characteristics of an sutomaticslly
controlled canard missile configuration being conducted by the Langley
Pilotless Aircraft Research Division have indicated that the amerodynemic
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demping in pitch of the configuration determined from rocket-powered
model teste (refs. 1 and 2) is inadequate for certain guidance problems.
A theoretical study (ref. 3) bas shown that the missile dynamic perform-
ance characteristics are improved by the addition of auxiliary damping
introduced by a rate-gyro——servo control system through either canard
fins or wing-tip controls. The present investigation, with the rate-
demping system acting through wing-tip controls, was undertaken to verify
experimentally the results indicated in reference 3.

Auxiliery-damping data are presented as . transient responses to a
step-function control-surface input for a Mach number range of 0.70
to 1.85. Some longitudinal aerodynamic characteristics are also pre- _
sented for the Mach number range of the flight. - :

fil

SYMBOLS
c wing chord, ft - . - E
T wing mean serodynemic chord, ft - I =
B total wing area in one plane including body intercept, sq gt e
t time, sec .
b altitude, ft N -
" mass, sluge - - -
W weight, 1b - a -
Iy moment of inertis about Y-axis, slugs-ft2 - = -
g acceleration due to grevity, f£t/sec®
v velocity of model, ft/sec '
Ve speed of sound in éir, ft/sec ) ‘
M Mach number, V/Vc
q dynamic pressure, 1b/sq ft
8 angle of piltch, deg : — — -
o angle of attack, deg - ) o
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5 control-surface deflection, deg
6 pitching velocity, deg/sec
aq/g normal accelerometer reading
al/g longitudinal-accelerometer reading, deceleration positive
e} -3 L
Cy, 11ft coefficient, (; cos o 5 gin o &
a a
c drag coefficient, [—L cos a + -B sin o)X
D £23 ) <g g Gl
Cm pitching-moment coefficient,
Pitching moment about center of gravity
gsc
K = _.._C%t
8
P Laplace transform varilable corresponding to the differential
operator D = 4
dt
w frequency of oscillations, radians/sec
Subscripts:
trim - trim or steady-state condition
s canard control surface
t wing-tip control surface z
e equivalent
& do &
dt 2v
a v

«,d,&,q partial derivatives
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APPARATUS AND METHODS

Model Description — : i-

The missile fuselage consisted of a T-inch-dlameter cylindrical sec-
tion and oglvel nose and tall cones. Triangular wings were mounted on
the body in a cruciform arrangement. Smaller triasngular fins were mounted _
near the nose in line with the horizontal wing as all-movable control sur-.
faces. The model srrangement and principal dimensions are presented in
figure 1.

The triangular wings were swept back 59 32' and had a modified
double-wedge alrfoill section. The small trlangular canard fins were swept
back 60° and had the same airfoil section as the wings. Half-delta fins
with the leading edge swept back 59°32' and of & double-wedge section were
mounted at the tips of the horizontel wings as all-movable controls. The o
wings were constructed of solid megnesium and the two sets of control sur-
faces of steel. Detalls of the wing and control surfaces are presented
in figure 2, It may be noted in figure 2 that the tip controls are slightly
smaller than the replaced wing tip. A photograph of the model is pre-
sented as figure 3 and physical characteristics are presented in table I.

Control Systems .

The auxilisry-damping system consisted of a rate gyroscope, propor-
tional low-lag pneumatic servomotor, slide valve, air sccumulator, reg-
ulator, purifier, and linkages. All the components, with the exception
of the accumulator, regulator, and purifier, were located immedistely
rearward of the wings and occupied an 8-inch section of the fuselage. A
photograph of the system instsllation is presented as figure 4(a).

Rate-gyro signals were transmitted by mechanical linkages as shown
by the schematic disgram in figure 4(b), through the air valve, servo-
motor, and torque rod to produce deflections of the wing-tip control sur-
faces proportional to pitching velocity. The motion of the gyro gimbal
was spring-restrained and damped by two dash pots. A Lanchester dsmper
was used to demp the servo motion. The mechanical lInkasge between the _
servomotor and torque rod was designed to limit the tip controls to mex-
imum deflections of #10°. A block diagrem of the missile and esuxiliary-
demping system is presented in figure h(c). _ _ . .

The canard fins were deflected 1n & continuous square wave with
deflections of 5.2° and -4.8° and a dwell time of 0.75 second, to pro-
vide pitch disturbances. A hydraulic pulsing system supplied from an
accumulator actuated the controls. ’ -
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Instrumentation

The model was equipped with an NACA nine-channel telemeter which
transmitted continuous records of normal (two ranges), longitudinal, and
transverse accelerations, angle of attack, canard control deflection,
wing-tip control deflection, total pressure, and a calibrated static
pressure. A free~-floating vane extending from the nose on a sting meas-
ured angle of attack, and a tube extending below the body measured total
pressure. The positions of these two instruments are shown in figure 1.
The measured angles of attack were corrected to the missile center of
gravity by the method of reference L.

The model trajectory was determined by & modified SCR 584 type radar
tracking unit. A radiosonde released at the time of flight measured tem-
peratures and atmospheric pressures through the altitude range traversed
by the model. Model velocity was obtained from a CW Doppler velocimeter
and from total and radiosonde statlc pressures.

Leunching

The model wes boosted to supersonic speeds by two solid propellant
rocket motors of 20,000-pounds-seconds total impulse and 3-second burning
time which were ignited simultaneously. The method of launching was sim-
ilar to that described in reference 1, with the launching angle being
changed to 60°.

Method of Analysis

In reference 3 several methods were presented for studying missile
automatic-control-system performance by using frequency-response and
transient-response characteristics. The method for calculating transient
responses from the linearized equations of motion is used herein to pro-
vide & comparison of experimental and theoretical results. The method,
as adapted for solving by the Reeves Electronic Analog Computer (REAC) is
presented here.

The block diegram representing the system is similar to that of
reference 3, except that the attitude-autopilot loop is excluded &nd an
airframe transfer function o/6 is added:

Adrframe € m! Adrfreme |

Rate Control |[eee——I

- .




6 TR -
__ _-~GONFIDITETAL NACA RM I52K1h4b

Airframe transfer functions were calculated by usBing the method of
operational calculus from the longitudinal equatione of motion for two
degrees of freedom as used in reference 3. The simplified (?LS = ?)

8

open-loop transfer functions are

<57 38 cm5>p * CL“C“"G ) ]

c ., _mv . S .
[(57 3qu57 3ch) <57 3@ MW ' g e

T
®La 57 3qSE>P <57 3 et Crglmg a7

A

L

o D B R

p+Cp oV
Lo 57,308

Experimental stability derivatives of the configuration, reported
in reference 2, and flight conditions and model characteristics from
this investigation were used in determining the transfer functions. Val-
ues of the aerodynamic quantities used in the calculations are listed
in table II. The aerodynamic derivatives for a Mach number of 1.8l were
obtained by extrapolating the data of reference 2. Tip-control data
Weresobtained from the resulte of two tests reported in references 5
and 6.

The rate-gyro—servo system was originelly & single-degree-of-
freedom system with the natural frequency changed from 88 to 221 radians
per second. Becsuse the force provided by the servomotor was only
30 pounds, the maximum allowable aerodynamic hinge moment was small. As
a result an inertie demper was added to the servomotor to reduce the mag-
nitudes of the initial overshoot of the servo response. This modifica-
tion enabled a higher static sensitivity 8t/é to be used. From & con-
sideration of hinge moments and pitching velocltles, a static sensitiv-
ity 9t/8 of 0.2 was chosen as the maximum feasible value. This value
is in line with the results of reference 3 that high static sensitiv-
ities yield more satisfactory responses than smell sensitivities for this
range of gyro-servo dynamics. - : -

With this sengitivity the rate-gyro—servo system was then tested
and a transiert response to a step deflection of the gyro gimbal
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was obtained. The modes of motion were recognized in the response, and
an equation was fitted to the curve by a triasl-and-error method. The
system transfer function, determined from this equation by the methods
of operational calculus, is

8t _ -0.14p(p? - 6,386p - 2,778,600 ) o
o (P3 + TOp2 + 49,825p + 1,9&5,000)

The tip-control deflection &y was fed back into the system as an

S .
equivelent cansrd deflection K8; where K = o . The operations in
Bg
solving the equatlons to determine transient responses to & &g input

of 5° were performed by the REAC and the results were obtained from
recording elements.

Accuracy
Insccuracies in the experimental data result from errors in telem-

eter equipment and radar. The measured quantities are believed to be
accurate within the followling limits: '

Limit of Accuracy
M 3] b¢
M @, 8 E]
deg deg deg °L “
0.8 +0.03 +0.2 |%0.2 +0.6 +0.029 +0.01%
1.8 +.02 .2 +,2 .6 + .00k +.002

The REAC solutions of o and 3y are belleved to be accurate
within #0.1° and +0.2°, respectively.

RESULTS AND DISCUSSION

Damping Characteristics

Effect of auxiliary damping in pitch on model response.-~ In order
to show how this rate-gyro—servo control system demped the model oscil-
lations, some experimental angle-of-attack transient responses to a
50 step input of the canard surfaces are presented in figure 5 for Mach

el
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numbers 1.8%, 1.32, 0.97, 0.71, and 0.72. Résults of REAC calculations
are also presented to show the model angle-of-attack transient responses
which could be expected if no auxilisry damping were provided. The
increase in damping is spparent with the experimental responses being

almost completely damped at the end of l% cycles at ali Mach numbers. in

addition to providing a more satisfactory response to autopilot command
slgnals, the missile with auxiliary damping experienced a reduction in
maximum normel loads of about 33 percent, an important consideration for
maneuvering flight at high Mach number. An effect of altitude was obtalned’
when the model accelerated to a Mach number of 0.72 during descent. At

the lower altitude the oscillations were damped in & shorter time as the
result of a higher model natural frequency.

Comparison of experimental and theoretical transient responses.-

In figure 6 measured angle-of-attack and tip-control translent responses
to a 5° step input of the canard surfaces are compared with REAC solutions
of closed-loop transient responses at Mach numbers of 1.81 and 0.71. At
& Mach number of 1.81 the experimental transient response has a higher
steady-state angle of attack and lower natursl frequency than the com-

puted response; thus a possible difference in Cp, 1s indicated. Exper-

imental data were not available above a Mach number of 1.45 in refer-
ence 2, 80 that errors may have been incurred by extrapolations of the
derivatives for the calculations to a Mach number of 1.8l. The demping
of the responses is 1n good agreement indiceting the velidity of the
theoretical method for predicting damping characteristics of a missile _
equipped with a rate-damping control system.

The tip-control deflections at M = 1.81 are in good sgreement
except for the maximum values. The tip controls of the model were limited .
to deflections of *10° because of hinge-moment considerations.

At a8 Mach number of 0.7l the experimental and computed responses are
in good sgreement, except for a small difference 1n natural frequencies.

Rate-gyro—servo response characteristics.- The gyro-servo transient

response presented in figure T was obtained by measuring the tip-control
deflection when a step input was applied to the gyro gimbel. The curve

was fitted by an analytical expression from which the transfer function
was obtained. A comparison with the gyro- -85ervo re5ponée given In figure 11

A demping mode and incressed natural frequency may be noted

Because of servo-energy hinge-moment considerations discussed pre--
viously, the dynamics of the gyro-servo system of this test were altered
80 as to decrease the maximum control deflections. This difference in
control deflections may be noted in figure 8, in which model angle-of-atteck
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and tip-control-deflection transient responses to a 5° step input of the
canard controles are presented for a Mach number of 1.8l. The angle-of-

attack responses indicate that the auxiliary-damping system of this test
did not damp the oscillations as well as the originsl gyro-servo system

might have with the use of higher initial tip-control deflections.

Aerodynamic Characteristics

All the experimental data of thie investigation occurred at a reduced

frequency %% < 0.013 and should be free of unsteady-lift effects.

Lift-curve slope.- Model lift-curve slope CLm was determined from

the lift-coefficient and angle-of-attack time histories by the method of
least squares and is presented in figure 9. A large difference is noted
between the data for increasing and decreesing a. This difference may
be due to & nonlinear 1ift curve or possibly to a tip-control effect.
The existence of a nonlinear lift curve was noted in reference 1 and the
data for the lower angle-of-attack range are presented. This difference
in CLa mey have resulted from 2 tip-control effect since a majority of

the control responses occur during the times of increasing o. Computa-
tions were made to determine the magnitude of lift due to rate of con-
trol deflection but the contribution.of this term to the model 1lift was
found to be negligible. TFhe ch at decreassing o 1is in fair agree-

ment with that of reference 2.

Steady-state angles of attack, 1lift coefficient, and tip-control
deflection.- The steady-state angles of attack, 1ift coefficients, and

tip-control deflections are presented in figures 10, 11, and 12, respect-
ively, as a function of Mach number for the two canard deflections. The
data show a gradusl variation of angle of attack and 1lift coefficient
with Mach number with the exception of Mach number 0.92, where a larger
trim angle of attack and 1ift coefficient are noted. Tip-control deflec-
tions increesed with increasing Mach number from 0.8° at M = 0.72 to 3.59
at M = 1.86. At the lower speeds there is & considerable scatter of the
control-deflection data, but the scatter is within the accuracy of the
data (40.69).

Steady-state angle of attack per unit control deflection.- From

the Qi

deflection was determined and is presented in figure 13. A comparison

curves, the steady-state angle of attack per unit control

with ——EEEE from reference 2 (for the same center-of-gravity location)
AOs Y

SR e
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showe that suxiliery damping has little effect upon control effectiveness
‘at supersonlc speeds. At trensonic speeds there was a large reduction

in %lm with the addition of auxiliary dsmping.
s .

At four Mach numbers calculated values of é%%rmm from the experi-
]
mentel data of reference 2 are modified to include the pitching-moment
contribution of the tip controls. The test results were larger at super-
gonic speeds and lower at transonic speeds than the calculated values.
The indication is that the two configurations differed somewhat in

either Qmm or Qma , a8 was suggested in the discussion of figure 6

Trim drag coefficlent.- Trim drag coefficient is presented in fig-
ure 14 with the trim drag coefficient for the model of reference 2. The
date show that the addition of rate damping incurred no drag penalty. The
differences in the values &t subsonic speeds may be mainly attributed to
insccuracies of Mach number and the longitudinel accelerometer at low
speeds.

CONCLUSIONS
The results of a flight investigation of.a canard misgsile having a

static margin at supersonic speeds of spproximately 50 percent T gnd

equipped with a rate-gyro—-—servo control system to supplement the inher-
ent serodynemic demping in pitch indicete the following conclusions:

1. Whereas the canard missile was normally lightly damped in the
pitching mode, the addition of the rate-damping system to the missile
caused the transient responses to be nearly completely damped at the end

of 1%-cycles at all Mach numbers. : . -

2. The experimental and calculated responses were in good agreement

indiceting that the theoretical method provides an accurate means of pre-

dicting missile response when a rate-gyro-—servo control system is used
to provide additional demping in pitch.

3. The experimental data indicated & difference in lift-curve slope
during the oscillatory response which may be attributed to either a non-
linear or tip-control effect. Pitching effectiveness as measured by the
steady-state angle of attack produced per unit control deflection was

CAMNRERERELAT.
I LIPIT I TN
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decreased at transonic speeds by the inclusion of the rate-damping control
system. The pitching effectiveness at supersonic speeds was not affected.
No differences in trim drag were noted due to the addition of the rate-
demping control damping.

Langley Aeronsutical Leboratory,
National Advisory Committee for Aeronsutics,

Langley Fleld, Va.
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TABLE T

MISSILE PHYSICAYL. CHARACTERISTICS

Welght and balance:
Welght, 1 . . . . . . e .

Center of gravity, station in inches . . . . .

Pitch moment of inertia, slug-ft2

Wing:

Area in one plane including body intercept, 8q

Mean serodynamic chord, ft o o o u
Thickness ratioc at wing-body Juncture

Canard control:
Exposed area, two fins, sq ft . .
Root chord, ft e e o s e o o o

Thickness ratio at fin-body Juncture .

Tip control:
Exposed area, two fins, sq ft . . .
Root chord, ft . . . . . . . . ¢ .

Thickness ratio . . . . . . . . . . .

NACA RM I52K1hb
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TABLE II
AERODYNAMIC DERIVATIVES FOR THEORETICAL RESPONSES
EIhe serodynsmic derivatives, as used in the calculations
and tsbulated below, are per degree measure. The gtatic
margin was approximately 50 percent T at supersonic
speeds.
Mach c Cm
number CLq, Crg, Cmq Cong, Lag Cmss S¢
0.71 0.0465 | -0.0182 | -0.306 | -0.034 0 0.0097 | -0.0055
97 .0533 -.02k0 -.175 -.020 0 .0143 -.0073
1.32 L0472 -.0235 -.189 -.021 o] .0130 -.0037
1.81 .0365 -.0184 -.153 -.OL7 0 .0105 -.0027
S NACA
NS
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(a) Rate-gyro—servo system installed in missile.

Figure 4.- Rate-gyro—servo system.
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Airframe

Y

Airframe e

| Rate control

(c) Block diagram of* auxiliary-damping system incorporated in missile.

Figure L4.- Concluded.
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Figure 10,.- Variation of trim angle of attack with Mach numbexr.
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